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• This paper presents the results of direct drag measurements on a variety of porous plate acoustic liners. The existing literature describes numerous studies of drag on porous walls with injection or suction, but relatively few of drag on porous plates with neither injection nor suction. Furthermore, the porosity of the porous plate in existing studies is much lower than typically used in acoustic liners. In the present work, the acoustic liners consisted of a perforated face sheet covering a bulk acoustic absorber material. Factors that were varied in the experiment were hole diameter, hole pattern, face sheet thickness, bulk material type, and size of the gap (if any) between the face sheet and the absorber material.
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I. Introduction
has reduced noise levels of propulsion systems significantly. However, with regulated noise levels being continually reduced, we need to make propulsion systems of the future even quieter. One of the many approaches being used to address this need is the use of acoustic liners in the noise producing regions of aircraft engines. While the meaning of the term "acoustic liner" varies somewhat, for our purposes, an acoustic liner is a passive noise damping surface in a flow passage. In propulsion systems, these liners are commonly used in the fan and nozzle sections of the flow path. Liners usually consist of an acoustic absorbing material covered by a perforated face sheet. The face sheet provides a relatively smooth surface over which the fluid flow may pass. The absorbing material may be divided up into small cells, but in this experiment, the material was in bulk sheets.
The existing literature contains a large number of studies of turbulent boundary layers over porous walls with injection or suction, but the number of studies without injection or suction is much smaller. These differ from the current work in two significant ways: 1. most featured significantly lower porosity than in the current work, and 2. most were for a perforated sheet over an open cavity, such as would be used for cooling, instead of the perforated sheet over absorber material used in the current work. Roberts 1 obtained drag measurements from pitot pressure surveys for eleven different perforated plates of various hole diameters and porosities. He correlated these measurements to an equivalent sand grain roughness for a solid plate.
Boldman and Brinich 2 measured the drag on an acoustic liner panel using boundary layer momentum surveys. The liner consisted of an 8% open area perforated sheet over a honeycomb plenum. They found a 1% increase in drag relative to a smooth flat plate at 61 m/sec and a 20% increase at 213 m/sec. They also found an increase when broadband noise sources were introduced. Kong, Schetz, and Collier 4,5 obtained direct measurements of skin friction over smooth, roughened, and porous surfaces. Their results exhibited a 30-40% increase in skin friction for the porous surface over a smooth flat plate at velocities of 45 to 53 m/sec. Also by examining turbulence quantities, they demonstrated that the nature of the drag increase due to porosity was different than that due to surface roughness.
II. Apparatus
The apparatus for this study (Figs. 1 and 2) consisted of a wind tunnel test section 12.70 cm high by 20.32 cm wide by 63.50 cm long. A 12.36 cm wide by 25.06 cm long opening in the lower wall of the test section allowed for the installation of various acoustic liner panel assemblies. The wind tunnel section was mounted in NASA Glenn's Advanced Nozzle Test Facility 6, 7 (commonly referred to as "CE-22"). It was supplied by the facility compressed air supply and exhausted to atmospheric conditions. The acoustic liner panel assembly was flush mounted in the opening. The assembly (Figs. 3 and 4) consisted of an aluminum frame into which were installed a support block and a bulk acoustic absorber material. A 12.36 cm wide by 25.06 cm long liner face sheet covered the filled cavity. Using shims of different thicknesses between the support block and the absorber material allowed the creation of a gap between the absorber material and the face sheet. A 0.18 mm gap around the edges of the frame separated the assembly from the surrounding walls. allow air injection through the sample, this feature was not used in the present study. Further details about the balance can be found in reference 8. In the more recent studies, including the present study, the balance has been modified by replacing the limited variable differential transducer sensing element with a miniature loadcell and removing the magnetic fluid damper. The balance was calibrated using weights and a cable and pulley.
A 14-element pitot rake was used to measure the boundary layer at the test specimen, and in conjunction with a static pressure port at the base of the rake, to determine the freestream Mach number in the test section. The rake was mounted just downstream of the panel assembly so that the measurement would not adversely affect the flow over the panel.
The porous plate acoustic liners studied consisted of a perforated face sheet backed by a bulk acoustic absorber material. By changing the face sheet and absorber, the following parameters were varied:
Face Sheet Thickness (t) -The thickness of the face sheet was varied from 0.61 to 1.067 mm (0.024 to 0.042 inches). Hole Pattern -Three arrangements of holes on the face sheet were tested (Fig. 7) . The first, referred to as "inline" had holes arranged in a square pattern, with rows aligned with the flow direction. The second, "axial stagger" had a triangular pattern with rows aligned normal to the flow direction. The third, referred to as "transverse stagger" had a triangular pattern with rows aligned with the flow direction.
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Bulk Absorber Type -Two types of bulk absorber were used in this experiment. The first was a silicon carbide foam. The second was a composite material consisting of a ceramic fiber in an aluminum oxide matrix obtained from a sol gel process. These materials were selected for their ability to withstand the high temperatures in an exhaust system. Face Sheet/Absorber Gap -A gap from zero to 0.25 mm was left between the face sheet and the bulk absorber. The purpose of this gap was to simulate erosion of the absorber material.
III. Procedures
Data were recorded at tunnel freestream Mach numbers of 0.3, 0.5, 0.6 and 0.7. The order of testing the various configurations was randomized as much as possible to reduce the likelihood of external factors contaminating the data. Each configuration was run at least twice to allow for the determination of measurement errors. 
Figure 8. Effects of Porosity and Hole Aspect Ratio on Friction Ratio
For each test condition a skin friction coefficient was calculated based on the measured thrust and freestream conditions. This coefficient was normalized by the skin friction drag coefficient of a non-porous flat plate to form the skin friction ratio.
IV.
Results and Discussion Fig. 8 shows results for the three different porosities over a range of hole aspect ratios. The data shown are for the inline hole pattern, SiC absorber with no face sheet absorber gap. As can be seen, porosity affects not only in the drag, but also the shape of the skin friction ratio vs. hole aspect ratio curve. Thickness to hole diameter ratio also appears to have a significant impact, although the trends for these two parameters combined are not entirely consistent. Presentation of figures in the following paragraphs was restricted to the 40% porosity configurations of greatest interest. Fig. 9 shows the effect of hole aspect ratio on friction ratio. Data is shown for freestream Mach number of 0.6, although data for other Mach numbers is similar. The figure suggests that there might be a slight decrease in friction ratio as hole aspect ratio increases, but results of a linear regression failed to find a statistically significant relationship. This result is somewhat surprising, as Hwang 9 and others have found a significant relationship between hole aspect ratio and friction ratio.
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Fig . 10 shows the effect of hole stagger on friction ratio. From the plot, it can be observed that there is a small increase in friction for the inline hole pattern versus the staggered. The analysis reveals that this difference is statistically significant. However, no significant difference was observed for different orientations of the stagger pattern. This result was unexpected, as the mechanism for drag due to hole stagger was expected to be related to a wake from an upstream hole interacting with a downstream hole. Clearly such a mechanism would not account for this result. Fig. 11 shows the effect of gap height on friction ratio. The figures suggest that there might be an effect, but results of a linear regression indicate that the trends are not statistically significant. This result does not, of course, rule out a nonlinear effect. This result suggests that migration of flow behind the liner face sheet was not a significant contributor to liner drag. Fig. 12 shows the effect of bulk material type on friction ratio. Bulk material type had no observed effect on the drag of the plates. This result is not surprising, as the bulk material is not exposed to airflow of significant velocity.
Accurate measurement of applied force is one of the deceptive aspects of experimental work. It appears to be simple and straightforward, but rarely is. There are so many factors which can adversely influence a force measurement. After the conclusion of this experiment, it was discovered that the force system used herein was quite sensitive to pressure gradients in the flow direction. A ramp shaped insert was attached to the wall of the tunnel opposite the force element, to create a pressure gradient in the flow. It was found that the force balance reacted to the pressure gradient, due to the pressure forces on the forward-and aft-facing surfaces of the frame to which the liner panels were mounted. While this induced pressure gradient was not present in this experiment, a much smaller gradient is to be expected due to the The force balance did not perform as well as desired during this test program. Consequently there was considerable scatter in the measured data. Using the large number of repeated measurements, the accuracy of individual measurements was assessed. This analysis showed an accuracy of the friction ratio of ±0.135 at a confidence level of 95%. 
Summary and Conclusions
Direct drag measurements were made on a series of perforated plate acoustic liners. Face sheet thickness, porosity, hole pattern, and hole aspect ratio as well as bulk absorber type and face sheet/absorber gap were varied. Face sheet porosity had a significant impact on drag ratio. For the 40% porosity configurations, hole pattern was found to have a significant effect on drag ratio. Factors relating to the geometry within and behind the face sheet, such as hole aspect ratio, bulk absorber type, and face sheet/absorber gap did not have significant effect on the drag ratio. These findings suggest that migration of flow behind the face sheet did not have a significant impact on drag in this experiment.
